Fluorescence resonance energy transfer (FRET) is a simple procedure for detecting specific DNA sequences, and is therefore used in many fields. However, the cost is relatively high, because FRETbased methods usually require fluorescent probes. We have designed a cost-effective way of using FRET, and developed a novel approach for the genotyping of single nucleotide polymorphisms (SNPs) and allele frequency estimation. The key feature of this method is that it uses a DNA-binding fluorogenic molecule, SYBR Green I, as an energy donor for FRET. In this method, single base extension is performed with dideoxynucleotides labeled with an orange dye and a red dye in the presence of SYBR Green I. The dyes incorporated into the extended products accept energy from SYBR Green I and emit fluorescence. We have validated the method with ten SNPs, which were successfully discriminated by end-point measurements of orange and red fluorescence intensity in a microplate fluorescence reader. Using a mixture of homozygous samples, we also confirmed the potential of this method for estimation of allele frequency. Application of this strategy to large-scale studies will reduce the time and cost of genotyping a vast number of SNPs.
INTRODUCTION
The completion of the Human Genome Project has set the stage for the screening of genetic mutations to identify diseaserelated genes on a genome-wide scale. Single nucleotide polymorphisms (SNPs), which occur approximately every 1.9 kb in the human genome (1) , are attractive targets for genetic screening and pharmacogenetic studies. There are several different techniques and approaches for SNP genotyping, and each has different advantages and disadvantages (2) . However, a precise, cost-effective, high-throughput method is still required for large-scale SNP genotyping involving analysis of large numbers of SNPs across many individuals. A method for allele frequency estimation is also required for efficient and economical identification of disease-associated SNPs without genotyping all individuals.
The current methods for SNP genotyping can be broadly classified into two categories: enzyme-based methods and hybridization-based methods (3, 4) . Enzyme-based methods use the inherent catalytic specificity of enzymes for their substrates. Among them, single base extension (SBE)-based methods have proved particularly attractive for their robustness, allowing specific genotyping of most SNPs under the same reaction conditions (4), simplicity of primer design (5), accuracy (6, 7) and adaptability to various detection formats, including gel and capillary electrophoresis (8, 9) , solutionphase homogeneous assay (10, 11) , MALDI-TOF massbased spectrometry (12) , and solid-phase microtiter plates (13) or microarrays (14, 15) . These features are suitable for high-throughput genotyping. However, SBE-based methods usually require complicated experimental procedures, including size separation of the product or removal of surplus substrates that limit the potential for automation.
Hybridization-based methods depend on single base differences in hybridization stability between a short oligonucleotide probe and the target DNA. Therefore, the probes have to be carefully designed, and the hybridization conditions have to be optimized for each SNP. In general, hybridization-based methods possess low assay fidelity and numerous sequence limitations (4). However, they are attractive because of the simple procedures involved. Several rapid genotyping methods have been developed, such as TaqMan or 5 0 nuclease assay (16), Molecular Beacon (17, 18) , iFRET (19) and Hybridization Probe Assay (20) . In these methods, two dye molecules that act as an energy donor and acceptor for fluorescence resonance energy transfer (FRET) are used, and the fluorescence emission is measured for SNP discrimination. FRET is a distance-dependent interaction between two dye molecules, and allows allele discrimination in a single procedure without a separation or washing step. However, FRET-based methods are costly, because they require fluorescently labeled oligonucleotide probes that are tailor-made and expensive.
Previously, we reported a cost-effective method for SNP genotyping based on FRET (21) . The key feature of this method is that it uses fluorescently labeled mononucleotides as FRET reagents instead of the fluorescent probes that are used by current methods. This approach avoids the time and cost of synthesis of fluorescent probes. In this method, fluorescently labeled mononucleotides are inserted into the strand by the allele-specific primer extension and emit FRET signals. However, this method has three limitations: allele-specific primers have to be carefully designed for selective allele primer extension. Reaction conditions have to be optimized separately for each SNP; consequently, there is no single set of reaction conditions that is optimal for genotyping all SNPs, and the method requires two separate tubes for each pair of allele-specific primers. These features are disadvantageous for high-throughput analysis of large numbers of SNPs.
To overcome these limitations, we have developed a novel SBE-based method that uses FRET in a cost-effective way to identify SNPs. Here, we describe this novel method, which uses a DNA-binding fluorogenic molecule, SYBR Green I, as the energy donor in FRET to excite fluorescently labeled dideoxynucleotides bound to the primer by an SBE reaction, and discriminates SNPs by measuring fluorescence after the SBE reaction. The same detection principle using FRET between SYBR Green I and a fluorescent dye [i-FRET (19) ], and the same combination of SBE and FRET (10), have already been reported, but these reported methods require a fluorescent probe or primer, which increases the cost. We combined SBE and FRET in a cost-effective way, retaining most of the advantages of both technologies. We validated our method with ten SNPs, and then investigated the potential of our method for estimation of allele frequency.
MATERIALS AND METHODS

Chemicals
We obtained ddNTPs labeled with Cy5 from Amersham Biosciences, ddNTPs labeled with Rox from Perkin-Elmer, and SYBR Green I from Molecular Probes. We purchased ThermoSequenase DNA polymerase from Amersham Biosciences, Accuprime Supermix II from Invitrogen and shrimp alkaline phosphatase from Roche. We purchased E.coli exonuclease I and lambda exonuclease from New England Biolabs.
Oligonucleotides
All the oligonucleotides were synthesized and purified by Espec Oligo Service. The genotyping primers and PCR primers used in this study are described in Tables 1 and 2 , respectively.
Real sample preparation by PCR
Genomic DNA was extracted with ISOHAIR (Nippon Gene) from black hair samples of 18 volunteers according to the manufacturer's manual. PCR was performed with 20 ng of genomic DNA template, 200 nM of each primer shown in Table 2 and Accuprime Supermix II in a final reaction volume of 25 ml in an I-Cycler (Bio-Rad Laboratories). The reaction mixture was held at 94 C for 2 min, followed by 37 cycles of denaturation at 94 C for 30 s, annealing at 54 C (CYP2C19) or 60 C (other primers) for 20 s and extension at 68 C for 25 s, and then kept at 68 C for 5 min. The quantity of genomic DNA extracted from the hair samples was not large enough for PCR amplification of all SNP sites shown in Table 1 for all 18 extracts, and therefore four SNP sites were amplified from fewer than 18 extracts.
Pretreatment of PCR product for SBE reaction
The PCR products were treated with 10 units of exonuclease I for 30 min at 37 C to degrade the primers left over from the PCR, then the exonuclease I was inactivated at 90 C for 10 min. The products were treated with 10 units of lambda exonuclease for 30 min at 37 C to generate single-stranded DNA, and were then treated with 2 units of shrimp alkaline phosphatase for 30 min at 37 C to degrade the dNTPs, followed by 10 min at 90 C for enzyme inactivation. Four microliters of the treated PCR product was used as the template for the SBE reaction.
SBE reaction
The SBE reaction mixture contained 50 mM Tris-HCl (pH 9.0), 50 mM KCl, 5 mM MgCl 2 , 5 mM NaCl, 200 nM each ddNTP and 2.5 U Thermosequenase in a total volume of 50 ml. The two ddNTPs corresponding to the two substitutions of the SNP site were labeled with Rox and Cy5. The two other ddNTPs were unlabeled. Thermal cycling was performed in an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) under the following conditions: 94 C for 2 min, followed by 45 (genotyping) or 35 (allele frequency estimation) cycles of 93 C for 20 s and 50 C for 60 s. A no-template control (NTC) contained water instead of the template.
Fluorescence measurement
The fluorescence intensity after the SBE reaction was measured with a Spectra Max Gemini Microplate Spectrofluorometer (Molecular Devices) using an excitation wavelength of 495 nm at room temperature. For genotype assignment by endpoint readings, emission wavelength/cutoff filter combinations of 605/570 nm (orange) and 670/630 nm (red) were used. A 550/530 nm filter was also used for fluorescence compensation for allele frequency estimation.
Signal ratio calculation
The end-point fluorescence intensity at 605 nm (I 605 ) was divided by the intensity at 667 nm (I 667 ) after correction for the fluorescence intensity of NTC (I 605,NTC and I 667,NTC ), as follows:
Allele frequency estimation
The homozygous samples for each allele of TAP2 and SSPN gene polymorphisms were amplified by PCR, and purified with a QIAquick PCR purification kit (Qiagen) to remove the PCR primers and dNTPs left over from the PCR. Quantification was carried out using an Agilent 2100 Bioanalyzer (Agilent Technologies). The quantified products were then mixed in different proportions (100:0, 95:5, 90:10, 80:20, 50:50, 20:80, 10:90, 5:95 and 0:100) to provide pools with different allele frequencies. The mixed samples were then treated with lambda exonuclease as described above. The SBE reaction was performed with 10 ng of these mixed samples. After the SBE reaction, I 550 , I 605 and I 667 were measured using a fluorescence plate reader as described above, and the allele frequency was calculated as follows. The reaction mixture contained SYBR Green I, Rox and Cy5. From their fluorescence emission pattern, we considered I 605 to be the sum of the fluorescence from SYBR Green I (I 605(SYBR) ) and Rox (I 605(Rox) ), and I 667 to be the sum of SYBR Green I and Rox and Cy5 (I 667(Cy5) ). We considered I 550 to arise only from SYBR Green I in all samples, and therefore I 605(SYBR) and I 667(SYBR) were calculated from the intensities of NTC as follows: 
RESULTS AND DISCUSSION
Strategy
A scheme of the method is shown in Figure 1 . As an example, we describe the method to identify an SNP involving a C/T substitution. The amplified genomic DNA containing the polymorphic site is incubated with a primer (designed to anneal immediately next to the polymorphic site) in the presence of DNA polymerase, SYBR Green I, ddCTP labeled with orange dye (Rox; l max , 605 nm), and ddTTP labeled with red dye (Cy5; l max , 667 nm). The primer binds the complementary site and is extended with a single Rox-ddCTP or Cy5-ddTTP. SYBR Green I binds DNAs and emits green fluorescence on excitation with blue light (495 nm). SBE products containing Rox-ddCTP and Cy5-ddTTP can be excited by the green light emitted by SYBR Green I, and emit orange and red fluorescence, respectively, which are measured for SNP discrimination after the SBE reaction.
Effect of thermal cycling on the SBE reaction
In our experiments, the SBE reaction was performed with thermal cycling, which we found enhanced the signal fluorescence. This effect was examined with a DNA fragment of the ALDH2 gene, homozygous for C/C, which was prepared from genomic DNA by PCR. The SBE reaction was carried out with Rox-ddCTP and thermal cycling for 45 cycles, and the real-time fluorescence emission spectra were recorded ( Figure 2 ). There was no peak in the spectrum after cycle 1, but the peak appeared after cycle 5, and the peak height increased as the cycle number increased. Since SYBR Green I ALDH2  CTTTGGTGGCTACAAGATGTCG  CACCAGCAGACCCTCAAGC  TAP2  GAAAACCATTTCATTGTGCCTTC  GTGGCCCATCATTGACCTAAAC  HTR2A intron 3  GAAGAGCACGTCCAGGTAAATC  CCCAGAGCTGGAAATTGTCATA  HTR2A exon 1  GAGGCACCCTTCACAGGAAA  TCAACTACGAACTCCCTAATGCAA  GNB3  TACCCACACGCTCAGACTTCAT  CTGATCTGCTTCTCCCACGAG  SSPN  TCCTTTCTGAGCTGCAAGTTTC  CAGCTATTCCCACTACCCACAA  PSEN2  CTGGGTACTTTCTGGTTTGTGG  GGGATGCTTGGAACAGATCAC  CYP2C19  ACTTTCCATAAAAGCAAGGTT  CAGAGCTTGGCATATTGTATC  P53 GTCCTGCTTGCTTACCTCGCTTAGT ACCTGATTTCCTTACTGCCTCTTGC a The 5 0 ends of primer 2 were modified with phosphate.
bound to single-stranded DNA has been reported to emit fluorescence, although the intensity is one-tenth of that after binding to double-stranded DNA (22) , such an increase in the peak height may be due to FRET between Rox in the extended primer and SYBR Green I attached to the primer. Another possible mechanism of this increase is that the extended primer itself forms a double-stranded structure in some regions, and the SYBR Green I attached there transfers energy to Rox in the primer. In subsequent experiments, thermal cycling for 35-45 cycles was performed in SBE reactions, and enhanced the signal fluorescence.
Validation of the method
We validated the method with a DNA fragment of the ALDH2 gene containing a polymorphic site (C/C, C/T and T/T). The DNA fragment was subjected to the SBE reaction with RoxddCTP, Cy5-ddTTP, and unlabeled ddATP and ddGTP. After the reaction, the fluorescence emission spectra were measured by excitation of SYBR Green I (Figure 3) . A peak in the orange emission band ($610 nm) was observed with homozygous C/C, whereas a peak in the red emission band ($670 nm) was observed with homozygous T/T. Two peaks in the red and orange emission bands were observed with heterozygous C/T. These results indicate that the use of two different fluorescently labeled dideoxynucleotides allows the detection of both SNP alleles in a single tube, and the three genotypes can be clearly distinguished from one another by measuring the intensity of orange and red fluorescence after the reaction.
SNP genotyping
The new method was then used to type ten different SNPs containing all possible substitutions, i.e. C/T, G/A, C/A, G/T, A/T and G/C (Table 1) . After the SBE reaction, the fluorescence intensities at 605 and 667 nm were measured by fluorescence plate reader and used to generate points on an XY scatter plot (Figure 4 ). For each SNP, homozygous and heterozygous SNP genotypes were discriminated as clusters on the graph, and the negative control was separated from them. The genotypes were then distinguished by comparing their signal ratio calculated as described in Materials and Methods. The signal ratios were 3.31 to 5.59 and À0.64 to 0.02 for the homozygous samples, and 0.87 to 1.55 for the heterozygous samples (Table 3) . Thus, the three genotypes were clearly distinguishable. The SNPs were also analyzed in parallel by a conventional PCR-RFLP assay or an allele-specific primer extension method (21) to verify the results of our method.
We also measured the fluorescence intensities of all samples with a real-time PCR machine (ABI PRISM 7900) after the SBE reaction. The maximum wavelength measurable by this machine was 660 nm, so we could not calculate the signal ratio using I 667 . Therefore, we compared (I 605 À I 580 ) and (I 660 À I 645 ), and we could distinguish the genotypes (data not shown). In principle, real-time PCR machines are suitable for our method if the detection wavelength is suitable.
Some SNPs have three or four possible bases at the same position. In principle, our method is applicable for distinguishing those SNPs using three or four different dyes in one tube. We tried Joe (l max , 550 nm)-labeled ddCTP and Cy5.5 (l max , 695 nm)-labeled ddATP with synthetic oligonucleotide templates, and observed the fluorescence emission peaks corresponding to these dyes after SBE reaction with the corresponding templates (data not shown). Therefore, the four possible bases would be distinguishable by using Joe, Rox, Cy5 and Cy5.5, or other appropriate combinations of fluorescent dyes.
Allele frequency estimation
Allele frequency estimation is an efficient and economical method of identifying SNPs associated with disease without genotyping all individuals. We investigated the potential of our method for estimation of allele frequency. We mixed homozygous samples of each allele for the TAP2 and SSPN gene polymorphisms, and measured fluorescence intensities after the SBE reaction. The estimated allele frequencies were linearly related to the expected ratios, with correlation coefficients of more than 0.997 ( Figure 5 ), indicating that our method is useful for the estimation of allele frequency.
In actual allele frequency estimation, PCR is performed after mixing of DNA samples. There are many reports on PCR bias (29) , which may change the ratio of genotypes. Polz and Cavanaugh (30) examined the bias in PCR using a 1:1 to 1:20 mixture of two templates possessing six different nucleotides in the middle of the template. The initial ratio was (18) - (0) - (0) maintained. Small differences in DNA sequences such as SNPs will not cause bias in PCR amplification. Therefore, we will be able to estimate allele frequency after DNA amplification by PCR.
Advantages of the method
We have demonstrated a novel, cost-effective and simple method for SNP analysis. The method has several major advantages.
(i) The method uses SYBR Green I and fluorescently labeled ddNTPs for the FRET reagent instead of fluorescently labeled oligonucleotides. This can markedly reduce the cost. (ii) Our method, based on the SBE reaction, is robust, allowing specific genotyping of most SNPs under the same reaction conditions, as well as simple primer design. Therefore, the effort required for assay design and optimization is minimal. Indeed, in our experiments, all genotyping primers worked well under the standard assay conditions with no requirements for optimization. This is a considerable advantage when compared with hybridization-based methods such as TaqMan and Molecular Beacon assays, which require optimization of the sequences of probes and hybridization conditions. Optimization of probe sequences is often performed by trial and error using expensive, fluorescently labeled oligonucleotides, and this process is costly and timeconsuming. Our method is robust, and therefore very useful when a large number of SNPs-particularly new SNP sites-need to be analyzed. (iii) Genotypes can be determined by end-point fluorescence measurement with a simple optical system. This simple procedure can significantly increase throughput.
(iv) All reactions, including PCR, enzyme treatment and SBE, can be performed simply in the same vessel by the addition of solutions and incubation, and the fluorescence of the resulting product can be measured directly in the same vessel. Hence, automation is facilitated, allowing the use of a robotic workstation for high throughput. However, our method needs post-PCR processing by opening the tube, and therefore the total assay time and the risk of carryover contaminations are greater than in the hybridization-based methods, which are closed-tube methods.
The risk of carryover contaminants in our method will be reduced by substituting dTTP by dUTP in PCR and treating the reaction mixture with uracil-DNA glycosylase (31) to cut the contaminants before PCR. (v) This homogeneous assay is not restricted to a particular format, making it possible to envisage different highthroughput engineering strategies, such as DNA microarrays with many kinds of single base extension primers immobilized on one chip to type many SNPs at one time.
The current microarray-based methods require washing before fluorescence measurement, but our method does not require washing because the dyes are excited by SYBR Green I by FRET. Our method uses single-color excitation, while the current microarray-based methods use dual-color excitation.
We believe that these advantages will allow our method to contribute greatly to pharmacogenetic studies. 
